Abstract We describe the binding characteristics of two natural borates (colemanite and ulexite) to calf thymus DNA by UV-vis absorbance spectroscopy, circular dichroism (CD) spectroscopy, Fourier transform infrared (FT-IR) spectroscopy, and a competitive DNA binding assay. Our results suggest that colemanite and ulexite interact with calf thymus DNA under a non-intercalative mode of binding and do not alter the secondary structure of the DNA helix. The FT-IR spectroscopy results indicate that the two borates might interact with DNA through sugar-phosphate backbone binding.
Introduction
Boron is a trace element commonly found in sedimentary rocks, shales, oceans, and the soil. It typically exists as boric acid, borosilicate, borax, or borate minerals such as ulexite (ule), colemanite (col), or kernite [1] . Borates are widely used in industrial processes for the production of glass, cement, flame retardants, and cellulosic and isolation materials; other anthropogenic sources of boron include borate mining, wood burning, sewage disposal, and weathering processes [1] . Borates are also used as pesticidal, herbicidal, and fungicidal agents, which present a major route of human exposure to boron compounds [2] . Nevertheless, borates and other boron compounds are generally considered non-toxic. In addition, boron contributes to nucleic acid, lignin, and carbohydrate biosynthesis; plays an important role in maintaining membrane integrity and seed production mechanisms in plants [2, 3] ; and is suggested to be vital for membrane signaling, reactive oxygen species removal, and the metabolism of certain hormones (e.g., insulin, estrogen and testosterone) in animals [4, 5] . However, the amount required for these functions is minimal, and the role of boron in the animal metabolism is not properly understood. Boron compounds have also been reported as inhibitors of DNA damage [6] induced by titanium dioxide and paclitaxel, but the mechanism involved is unknown [7] [8] [9] . In contrast, there are some reports in the literature about the dose-dependent anticancer activity and growth inhibition properties of boric acid, which suggests that, although an essential element in low concentrations, boron compounds can target various biomacromolecules to inhibit cell growth and induce apoptosis at higher doses [10] . As such, spectroscopic evaluation of the interaction between borates and DNA may provide useful information regarding the effect of these compounds on the DNA structure at different concentrations and shed light on the mechanism by which borates prevent DNA damage.
The present study details the DNA binding characteristics of the natural borates ulexite (ule) and colemanite (col) under physiological conditions. Alterations in the secondary structure of DNA are evaluated, and the binding modes responsible for these changes are investigated utilizing various spectroscopic analysis techniques. The borates were chosen for their widespread use in industrial applications [11] .
Materials and Methods

Materials and Solutions
Ultrapure Calf thymus DNA (CT-DNA) ( (Fig. 1 ) based on the structures that are presented previously [12, 13] . All reagents were used as supplied without further purification. Ten millimolars Tris-HCl buffer (pH 7.4) was used as buffer medium in all experiments. Buffer pH was adjusted using HCl.
Stock solutions of borates were prepared by dissolving boron compounds to a concentration of 1.0 M in double-distilled water. Stock solutions were diluted as necessary to obtain the desired concentrations prior to each experiment. Ultrapure water was used for the preparation of all solutions.
DNA stock solutions (0.1 mg/ml DNA, or 1.18×10 −4 M base pairs) [10] were obtained by dissolving CT-DNA in 10 mM Tris-HCl buffer. Molarities of CT-DNA solutions were confirmed by spectrophotometric analysis, assuming ε 260 =6600 M −1 cm −1 [11] . The ratio of absorbances at 260 and 280 nm was checked to verify solution purity and found to be 1.8, indicating that the DNA solution was satisfactorily free of protein [14] .
UV-Visible Spectroscopy
UV-vis absorbance measurements were performed on a Thermo Scientific NanoDrop 2000 benchtop spectrophotometer (Thermo-Fisher Scientific, USA). Absorption titration experiments were performed by titrating either varying concentrations of CT-DNA (0.1, 0.2 mM) against a constant concentration of borates (0.1 mM) or varying concentrations of borates (0.001-0.1 mM) against a constant concentration of CT-DNA (0.01 mM). All borate solutions were homogenized through vortexing before each use. Spectra were recorded in the wavelength range of 200-800 nm. Plotting was performed using the GraphPad Prism 5 software (La Jolla, CA).
EtBr Displacement Assay
An EtBr competitive binding assay was performed by recording the emission spectra of solutions containing different concentrations of ule or col (0.1-1 M) and constant concentrations of CT-DNA (0.1 M) and EtBr (0.01 M) in 0.01 M TrisHCl buffer (pH 7.4) at room temperature. The fluorescence intensity was read at an excitation wavelength of 510 nm and an emission wavelength of 590 nm using a SpectraMax M5 Microplate Reader (Molecular Devices, US). Apparent fluorescence intensities were evaluated using the following equation: [15] 
where F and I are the relative fluorescence and emission intensities for EtBr-DNA mixtures at 590 nm following the addition of borates and I 0 and I 100 are the emission intensities of free EtBr and EtBr-CT-DNA mixtures.
DNA Cleavage and Mobility Experiments
The cleavage of calf thymus DNA (CT-DNA) and plasmid DNA was monitored using agarose gel electrophoresis. Different concentrations of borates were incubated with CT-DNA (50 ng/μl) or pUC19 plasmid DNA (11 ng/μl) at 37°C for 1-2 h, mixed with Tris-acetate-EDTA (TAE) and run on a 0.8-1 % agarose gel containing 1 μg/ml of ethidium bromide. Gels were run at 70 V for 90 min in TAE buffer, and the bands were visualized under UV light.
Circular Dichroism Spectroscopy
A Jasco J-815 spectropolarimeter (Jasco, UK) was used to record the CD spectra of CT-DNA and borate mixtures within 200-300-nm range. A quartz cell with a path length of 0.1 cm was utilized for all measurements. Buffer subtraction was applied for all measurements by subtracting the CD spectrum of 10 mM Tris-HCl through baseline correction. Titration experiments were performed by titrating varying concentrations of borates (0.025-0.2 mM) on a constant concentration of CT-DNA (0.2 mM). Five scans of accumulation were taken for each nanometer from 300 to 200 nm with a scan speed of 50 nm/min, and the sample temperature was maintained at 25°C.
FT-IR Spectroscopy
FT-IR spectra of borate-CT-DNA mixtures were obtained using a Nicolet 6700 FT-IR Spectrometer (Thermo Scientific, USA) equipped with a deuterated triglycine sulfate (DTGS) detector and a KBr beamsplitter. Spectra of borate/CT-DNA complexes were accumulated in the spectral range of 1800-600 with a 4-cm −1 resolution. A total of 128 scans were performed for each sample. Background spectra of blank wells were collected prior to each measurement. Varying concentrations of borates (0.1-2 mM) were incubated with a final DNA concentration of 1 mg/ml for 3 h, and 20 μl of this mixture was dried on a 96-well plate at 37°C for 1 h prior to FT-IR transmittance analysis. All measurements were performed at room temperature and a controlled ambient humidity of 45 % RH. The absorption spectrum of Tris-HCl buffer was recorded and then subtracted from the spectra of free CT-DNA and borate/ CT-DNA complexes. The spectroscopy software OMNIC ™ was used for measurements, baseline corrections, buffer peak subtractions, and background corrections for H 2 O and CO 2 . The optical spectroscopy software Spekwin32 was used for normalization and determination of peak positions [16] . Experiments were run in at least three separate batches, and each batch contained triplicate samples. All the spectra are baseline corrected and normalized to the free CT-DNA. Four-point data smoothing was performed by Savitzky-Golay functionality prior to peak evaluation. Infrared spectra of free borates were also recorded and subtracted from the spectra of borate/CT-DNA complexes prior to analysis. In order to ensure that the observed changes in the band positions and intensities were due to the interaction of CT-DNA with borates, difference spectra [(borate/CT-DNA complexes)−(borate)] were generated after normalization.
Results and Discussion
UV-vis Absorbance Spectra
Correlations between the structure of a material and its absorbance in the UV-vis region can be used to analyze the interactions between a biomacromolecule and its ligand. It is known that hyperchromisms in DNA absorbance following the binding of a ligand may indicate the presence of a strong intercalative binding interaction (i.e., insertion between the base pairs) between that ligand and DNA [17] , while hypochromisms are associated with charge-transfer interactions [18] . The reverse trend is true for the absorption spectra of the ligand: Hypochromisms and red shifts are caused by intercalative binding, while hyperchromism is associated with an electrostatic mode of interaction [19] . UV-vis absorption spectra of borate/CT-DNA complexes were analyzed to determine the mode of binding between borates and DNA. Absorbance measurements were first performed at a constant concentration of CT-DNA and varying amounts of ule or col (Fig. 2a, b) . These spectra display a characteristic absorbance peak at 258 nm, which experiences slight hyperchromic shifts following the addition of borate compounds, suggesting intercalative binding might be responsible for the interactions of borates with CT-DNA. This hyperchromicity is observed to be more pronounced (∼20 %) for col as compared with ule (10 %). UV-vis absorbance measurements were also performed at a constant concentration of borates and varying concentrations of CT-DNA (Fig. 3a, b) . UV-vis absorbance spectra of both boron compounds display a maximal absorbance peak at 503 nm. While ule samples display concentration-dependent hyperchromisms and a slight blue shift following DNA binding, col samples display a gradual hypochromism in the 503-nm band. The behavior of the ule samples is consistent with an electrostatic association between the negatively charged phosphate backbone and positively charged metal cations present in the borate structure [19, 20] . However, col samples display hypochromism rather than hyperchromism, which may indicate that col has a stronger affinity for CT-DNA and partial intercalative binding might occur for col-DNA interactions. The results in two different experiments are consistent with each other, since col samples exhibit more remarkable differences in both cases.
Competitive DNA Binding Between Ethidium Bromide and Borates
EtBr is a well-known intercalator and enjoys widespread use in anticancer research for the investigation of the intercalative capabilities of therapeutic molecules [21] . Molecules capable of intercalating with DNA strands displace EtBr moieties already present in these locations, which results in changes in the maximum absorbance of EtBr-bound DNA and yields information about the binding mode of the molecule in question [22] .
EtBr displacement assay results indicate that boron compounds cannot efficiently displace EtBr from DNA ( Table 1) . The presence of competing DNA intercalators decreases the fluorescence of EtBr-bound DNA by about 50 %, due to the lower fluorescence intensity associated with free EtBr molecules that are displaced from their original positions by the intercalator [23] . However, the addition of borates results in slight decreases in fluorescence intensity (by 10 and 11 % for ule and col, respectively). These values are comparable to these shown by some groove binders [23] , and the addition of col has resulted in more prominent decreases in the fluorescence intensity of EtBr at higher concentrations. As such, the displacement assay results suggest that ule and col use non-intercalative modes of binding to interact with DNA; however, col has a stronger affinity to CT-DNA.
DNA Cleavage and Mobility Experiments
The endonucleolytic cleavage of DNA is induced by the presence of oxygen or hydroxide radicals, which are created due to the accumulation of metal ions around the DNA helix [24] . In addition, it is known that intercalative or electrostatic binding interactions decrease the mobility of DNA in agarose gel electrophoresis [25] . Agarose gel electrophoresis results of boratebound CT-DNA and borate-bound plasmid DNA are shown in Fig. 4 . The migration of CT-DNA and plasmid DNA bands is not retarded as the borate concentration is increased, and the fragmentation of both col and ule groups is comparable with control (non-borate treated) DNA, suggesting that no DNA cleavage occurs in response to borate binding for both CT-DNA and plasmid DNA.
The observed lack of DNA cleavage activity in the presence of higher concentrations of ule and col suggests that the borates prefer a non-intercalative mode of binding and do not disrupt the structure of DNA. This result is consistent with our EtBr displacement assay results, as the borates were also unable to replace a known intercalator from the structure of DNA. 
CD Spectra
The near-UV CD spectrum of B-DNA displays two positive peaks at 220 and 275 nm, and a negative peak at 245 nm [26] .
It is reported that the peak at 275 nm corresponds to base stacking, and the peak at 245 nm corresponds to polynucleotide helicity of DNA [27] . In addition, a red shift at 220 nm and an intensity increase at 275-nm peaks are some of the characteristics for B to A conformational change [28] . Figure 5a , b shows CD spectra of CT-DNA in the presence of increasing concentrations of boron compounds. As shown in Fig. 5a , b, interactions with both boron compounds decrease the intensities of CD values at 245 and 275 nm, and no consistent change at 220 is observed, which may indicate that the right-handed helicity of B-DNA is modified [27] with slight changes in the base stacking interactions. Since there is no peak shift in the spectra of both samples and no increase in the intensity at 275 nm is observed, the changes in the CD spectra are not indicative for a B to A conformational transition. It is known that, while intercalators are known to increase the intensities of both positive and negative bands, groove binders show less or no perturbation on the helicity and base stacking bands of DNA [29] . For both boron compounds, there is no increase in the intensities of positive and negative peaks and the changes in the overall spectra are not so prominent, suggesting ule and col can bind to CT-DNA through non-intercalative interactions (e.g., groove binding, electrostatic interactions). Therefore, the results of CD spectra suggest the helicity of B-DNA was modified without an alteration in the DNA's secondary structure. CT-DNA does not display major conformational changes in the presence of ule or col.
FT-IR Spectra
FT-IR spectroscopy is a nondestructive technique used in the detection of chemical bonds and the alterations in the angles and structures of these bonds following the binding of another molecule. The FT-IR spectrum of DNA features four distinct peaks, which yield information about the vibrational state of DNA [28] . These are in-plane double bond vibrations of the bases, vibrations of the glycosidic linkage between a DNA base and its sugar, antisymmetric and symmetric phosphate vibrations, and phosphate-sugar backbone vibrations which are observed in the region of 1800-700 cm −1 [30] . Specific marker bands can be used to characterize the conformation of DNA, which may change between A, B, and Z geometries depending on environmental conditions or binding of a molecule [30] . Figure 6 shows the infrared spectrum of the free DNA and its complexes with ule and col. All peak assignments of DNA were made in accordance with the literature [31] . The band at 1715 cm are associated with the ring stretching vibrations of adenine and cytosine, respectively [32] . No major shifts were observed in peaks associated with DNA bases for borate concentrations of up to 2 mM, but the cytosine-associated band at 1487 cm . a-d: a CT-DNA (1 mg/ml)+borate (0.1 mM), b CT-DNA (1 mg/ml)+borate (0.5 mM), c CT-DNA (1 mg/ml)+borate (1 mM), and d CT-DNA (1 mg/ml)+borate (2 mM) was enhanced in a concentration-dependent manner in the difference spectra of borate/CT-DNA complexes. Higher concentrations of ule and col were observed to slightly disrupt base vibrations, resulting in 1-2 cm −1 shifts. The peak at 1225 cm −1 is attributed to phosphate asymmetric stretching and shows an upward shift to 1240 cm −1 following the binding of ule and col to CT-DNA. The phosphate symmetric stretching peak, located at 1087 cm −1 , also shifts to 1095 cm −1 following ule binding. Similarly, the presence of col causes major shifts at these bands (11-13 cm −1 ). The difference spectra of borate-bound CT-DNA also display large shifts in the locations and intensities of 1225-and 1087-cm −1 peaks, which are associated with asymmetric and symmetric phosphate peaks (Fig. 7) . Furthermore, the second-derivative analysis of the FT-IR spectra indicates several significant peak shifts and intensity changes of the symmetric phosphate peaks of borate/ CT-DNA complexes, especially at higher concentrations of both ule and col (Fig. 8) . These changes may result from electrostatic interactions of positively charged ions in the structures of the borates and the negatively charged phosphate groups of DNA. Infrared bands at 1055 cm The change in the locations and intensities of -PO 2 bands is a strong indicator of the interaction of DNA backbone phosphates with borates. Our results suggest that borates bind externally to the sugar-phosphate backbone of the CT-DNA double helix. In addition, the general lack of base-related peak shifts is in line with our CD results and suggests that a nonintercalative binding mode is utilized by boron compounds for DNA binding.
Conclusions
We have investigated and compared the interactions of two common natural borates with CT-DNA. Our results indicate that both boron compounds can bind to CT-DNA with sharing similar DNA binding characteristics. Boron compounds do not appear to cause the unwinding of the DNA helix or any other significant change in its secondary structure. Furthermore, our spectroscopy analysis results suggest that both compounds interact with DNA under a non-intercalative mode of binding, which is consistent with the reported lack of toxicity for these materials [9] . FT-IR spectra of both ule and col reveal that the borates might interact with DNA through sugarphosphate backbone binding. Overall, we describe the binding patterns of two borate compounds to CT-DNA and provide further insight into understanding the biological importance of these borates.
